Giardia lamblia is a multiflagellar parasite and one of the earliest diverging eukaryotic cells. It possesses a complex cytoskeleton based on different groups of microtubular structures -a ventral adhesive disc, four pairs of flagella, a median body and funis. Centrin is an important member of the EF-hand family of calcium-binding proteins, and it is known to show calcium-sensitive contractile behaviour. In the present study, we performed an ultrastructural localization of centrin in G. lamblia using several monoclonal antibodies to centrin. Microtubular structures such as the basal bodies, all the flagella axonemes, the adhesive disc, funis, and the median bodies presented positive labelling to centrin. In addition, the dense rods also demonstrated positive labelling. These results show that centrin is located in key positions related to microtubules. The role of centrin in these dynamic regions is discussed.
Introduction
Giardia lamblia is a parasitic protozoan that infects thousands of people all over the world, causing a disease known as giardiasis. It is a bi-nucleated amitochondrial flagellate, and because of its basal phylogenetic position, there is great interest in understanding basic biological processes in this primitive cell. The Giardia cell possesses several cytoskeletal structures composed of microtubules [1] . In the interphase, these include the basal bodies and axonemes of the eight flagella, microtubules accompanying the caudal axonemes, the median bodyformed by an irregular set of microtubules, and the ventral adhesive disk built on a helically turned layer of parallel microtubules. Most ultrastructural studies have focused on the cytoskeleton and adhesive disc of Giardia, a structure used by the parasite to attach to the upper intestinal epithelium [2] .
Centrin (also known as caltractin) is a 20 kDa acidic cytoskeletal protein that has been localized to centrosomes, basal bodies of all flagellated or ciliated cell types, including mammalian cells, and fibrous structures associated with basal bodies in many flagellated or ciliated unicellular organisms [3, 4] . Two reports have demonstrated the presence of centrin in Giardia [5, 6] . These authors cloned the catractin/centrin gene to gain further insight into its evolution and function in the complex cell division process of this parasite. The centrin was localized by immunofluorescence, using one or two antibodies. Centrin was found in basal bodies, in posterior-lateral rods and in the median bodies [5, 6] . Here, we report the ultrastructural localization of centrin in Giardia, using immunoelectron microscopy which gives more accurate detail, and also immunofluorescence microscopy. Several monoclonal anti-centrin antibodies obtained from different sources were tested. We show that all microtubular systems in Giardia, such as the median bodies, funis, basal bodies, axonemes, flagella, and the adhesive disc were positive for centrin. In addition, the dense rods and nuclei also showed labelling.
Materials and methods

Organisms and culture
Giardia lamblia strain WB (American Type Culture Collection, No. 30957) was cultivated in TYI-S-33 medium enriched with 10% heat-inactivated foetal bovine serum at pH 7.05, without added vitamins, iron, or antibiotics, but supplemented with 0.1% bovine bile for 48-72 h, at 37°C [7] .
Immunofluorescence
Cells were washed in phosphate-buffered saline (PBS), and fixed with 4% paraformaldehyde in MTSB (microtubule stabilizing buffer -50 mM Pipes, 5 mM EGTA, 5 mM MgSO 4 -pH 6.8). The cells were allowed to adhere to coverslips previously coated with poly-L Llysine and were permeabilized with 3% (v/v) Nonidet P-40 for 40 min, followed by 15 min in 100% acetone. Fixed cells were quenched using 50 mM ammonium chloride solution, and then 3% bovine serum albumin (BSA). Next, the cells were incubated with anti-centrin antibodies 17E10, 2.4, 20H5 raised against Tetraselmis striata and bacterially expressed Chlamydomonas centrin. The antibodies were a kind gift of Dr. J.L. Salisbury [8] . After washes in PBS/BSA the cells were incubated with TRITC-labelled secondary antibody (Sigma or Molecular Probes, USA), for 1 h. Cells were examined with a Zeiss Axiophot II microscope. Images were acquired and processed using a C5985-10 chilled CCD camera (Hamamatsu, Japan).
Electron microscopy
Cells were fixed overnight at room temperature in 2.5% (v/v) glutaraldehyde in 0.1 M Na-cacodylate buffer (pH 7.2), and post-fixed in 1% OsO 4 in cacodylate buffer and 0.8% potassium ferricyanide. Cells were washed, dehydrated in acetone and embedded in Epon. Thin sections were stained and observed in a Jeol 1210 electron microscope.
Electrophoresis and Western blotting
Giardia lamblia cells were harvested by centrifugation at 1000g for 20 min after cooling the culture flasks on ice for 20-30 min to detach the cells from the flask bottom. The cells were washed twice with cold PBS and were Dounce homogenized with lysis buffer (20 mM TrisHCl, 2 mM EDTA, 0.1% SDS, 0.5% deoxycholate, 1% Triton X-100, 137 mM NaCl, 10% glycerol). The broken cells were then recovered by centrifugation at 10,000g for 15 min at 4°C, and washed twice in PBS before addition of SDS-PAGE sample buffer (Bio-Rad) and SDS-PAGE in discontinuous gels (4% stacking gel, 12% running gel). For Western blot analyses, proteins were transferred electrophoretically to PVDF membrane and probed with antibodies. Membranes were then incubated overnight in 5% non-fat dried milk in TBS-T. After washing, membranes were incubated in antimouse IgG peroxidase-conjugated secondary antibody (1:30,000) and incubated for 1 minute in an enhanced chemiluminescence kit ECL 1:1 (Amersham).
Immunoelectron microscopy
Cells were fixed overnight in 4% paraformaldehyde, 0.4% glutaraldehyde, 1% picric acid, in cacodylate buffer 0.1 M, pH 7.2), and dehydrated in ethanol. Organisms were then embedded in LR White (Ted Pella, USA). For immunolabelling, thin sections were quenched in 50 mM NH 4 Cl for 30 min, and incubated in the presence of the anti-centrin antibodies [8] . After several washes in PBS-1% albumin, sections were incubated in the presence of 10-nm gold-labelled goat anti-mouse IgG (BB International, UK). Samples were washed and observed in a JEOL 1210 electron microscope. Controls included samples without the primary antibody.
Results and discussion
The role of centrin in motility is not clear, but it could represent a novel cell motility mechanism in eukaryotic cells and has attracted considerable attention in recent years. The principal protein involved, centrin, was first isolated from an algal flagellate and since then has been found to be a ubiquitous structural protein of the eukaryotic centrosome [3, 4] .
In the present study, several monoclonal anti-centrin antibodies were used to localize sites of recognition at the ultrastructural level in the parasite protist G. lamblia. By immunofluorescence, labelling was observed as bright spots in the basal body region, in the axonemes of posterior-lateral and ventral flagella, and a light labelling in the disc (Fig. 1) . By transmission electron microscopy the detailed structure (Fig. 2) of Giardia was observed, allowing more precise identification of the cell components. Examination using immunocytochemistry revealed intense labelling in other cytoskeletal structures (Figs. 3-6 ). Flagellar axonemes of all were intensely labelled with all anti-centrin antibodies used (Fig. 3-5 ). In addition, the basal bodies (Fig. 1) , dense rods of the posterior-lateral flagella (Figs. 1, 4) , adhesive disc (Figs. 3(b) and 4) and the median body (Fig. 5) were also labelled. Light labelling was also observed in the nucleus (Figs. 4 and 5 ), but this could be nonspecific. Thus, all microtubular structures were recognized by all the monoclonal antibodies used. Immunoblot analysis revealed a single band with an apparent molecular weight of about 20 kDa (Fig. 6 ).
Centrin is a Ca 2þ -binding phosphoprotein that shares significant sequence homology with other members of this family, including calmodulin. Centrin sequences from algae, yeast, higher plants, protozoa and animals are highly conserved, comprising a subfamily within the EF-hand superfamiliy of calcium-binding proteins, related to calmodulin [3] .
Centrin has been localized to centrosomes, basal bodies of flagellated or ciliated cells, and fibrous structures associated with basal bodies [3, 4] . Contraction of centrin filaments is based in supercoiling, not on sliding, initiated by elevated intracellular Ca 2þ levels and is independent of ATP hydrolysis. Re-extension of centrin filaments requires removal of Ca 2þ from the protein and ATP [3] .
Centrin has been identified as a component of centrosomes throughout the eukaryotic kingdoms, from G. lamblia [5, 6] , to vertebrates including mice and humans [9] . Centrin has previously been studied in Giardia by immunofluorescence [5, 6] and the gene for Giardia centrin has been cloned [6] . It has yet to be determined whether the original primary function of centrin was in directing the orientation of cilia and flagella or as a component of the centrosome. A possible function for centrin in Giardia, the migration and orientation of the basal bodies/flagella during mitosis has been suggested [6] . In the present study antibodies to Chlamydomonas and Tetraselmis striata centrin were used in thin sections, which provide more precise antigen localization. The potential of centrin as an active participant in flagellar structure should be explored, since previous reports did not show labelling in the axonemes, flagella and in the disc [5, 6] , although Meng et al. [6] , indicated a light labelling in the mature disc, suggesting that the centrin could be incorporated into the disc via the median body. With immunofluorescence it is very difficult to recognize the faint labelling at the flagellar bases and in other places where detection requires a more intense reaction. The previous finding of staining in the median body [6] led to the suggestion of a novel microtubuleorganizing centre in Giardia [10] . We do not agree with this proposal since we found staining in all microtubular structures.
Our results demonstrating universal labelling in all Giardia microtubules could be explained in two ways: (1) centrin in Giardia could be a MAP (microtubule associated protein) and thus found associated with microtubules, and/or (2) the Giardia centrin could be involved, together with microtubules, in motility and adhesion. These results show that centrin is concentrated at key sites for control of direction of cell movement, and therefore may present a means by which these features are regulated. The location of centrin in these dynamic regions is consistent with the hypothesis that centrin plays a role in motility, since previous studies been suggested a centrin role in initiation, coordination, and directional control of flagellar beat, among several other functions [3] .
A previous report has suggested occasional and faint anti-centrin fluorescence in flagella of Chlamydomonas [11] . Piperno et al. [12] isolated two types of inner dynein arms from Chlamydomonas axonemes that showed immunological cross-reactivity to centrin. Guerra et al. [13] demonstrated that centrin was also localized on the ciliary axonemes of Tetrahymena, as an inner dynein arm, suggesting a significant role in Ca 2þ responses, including ciliary reversal or chemotaxis. Thus, it is possible that a concomitant presence of centrin on microtubular structures could be due to a dynein-like protein or another calcium-binding protein.
Ochiai et al. [14] described a 20 kDa spasmin-like protein in several protists, including ciliates and flagellates. These authors isolated contractile stalks and demonstrated that contraction of these structures was due to the presence of Ca 2þ -binding proteins. The isolated spasmin from Vorticella, Stentor and other protozoa contained three kinds of Ca 2þ -binding proteins, one of them of molecular weight 20 kDa. They concluded that the contractile Ca 2þ -binding protein of 20 kDa was not specific to the family of Vorticellidae, but is distributed widely in Protozoa. The spasmin they found was probably the centrin described here.
The positive reaction of the adhesive disc could be explained by its contraction, since the study performed by Campanati et al. [15] using video images revealed strong retraction of the whole disc, not only of the border, during the process of detachment. The functional significance of centrin in cell motility remains elusive, even in the well-studied group of flagellate algal systems. A general proposal, however, is that centrin may represent an ancient motility system that enables cells to react quickly to environmental stress [16] . Recently, Abel et al. [17] found co-localization of protein kinase A and centrin on basal bodies and on the axonemes of posterior-lateral flagella in Giardia, suggesting participation of these proteins in giardial signaling for attachment and locomotion. As Giardia is considered a primitive organism, an early system of motility using centrin could favour its parasitic life.
